Abstract We have employed gene-trap insertional mutagenesis to identify candidate genes whose disruption confer phenotypic resistance to lytic infection, in independent studies using 12 distinct viruses and several different cell lines. Analysis of [2,000 virus-resistant clones revealed[1,000 candidate host genes, approximately 20 % of which were disrupted in clones surviving separate infections with 2-6 viruses. Interestingly, there were 83 instances in which the insertional mutagenesis vector disrupted transcripts encoding H/ACA-class and C/D-class small nucleolar RNAs (SNORAs and SNORDs, respectively). Of these, 79 SNORAs and SNORDs reside within introns of 29 genes (predominantly protein-coding), while 4 appear to be independent transcription units. siRNA studies targeting candidate SNORA/Ds provided independent confirmation of their roles in infection when tested against cowpox virus, Dengue Fever virus, influenza A virus, human rhinovirus 16, herpes simplex virus 2, or respiratory syncytial virus. Significantly, eight of the nine SNORA/Ds targeted with siRNAs enhanced cellular resistance to multiple viruses suggesting widespread involvement of SNORA/Ds in virus-host interactions and/ or virus-induced cell death.
Introduction
The goal of this study was to discover cellular genes required for viral replication with the aim of developing anti-viral agents. We employed gene-trap insertional mutagenesis, an approach utilizing a promoterless vector that randomly integrates into the host genome, thereby disrupting (trapping) host genes. There is an absolute requirement for a cellular-based promoter to drive expression of a vector-derived selectable marker conferring neomycin resistance. Libraries of gene-trap insertional mutants [1] were used to select for resistance to lytic infection with a variety of viruses. Using this approach, we have identified over 1,000 candidate cellular genes whose disruption confer survival following exposure to otherwise lytic viral infections [2] [3] [4] [5] [6] [7] [8] , or Clostridium perfringens epsilon toxin [9, 10] . Candidate genes mediating viral infection are identified in surviving clones by sequencing across genomic integration sites with primers annealing to the U3NeoSV2 vector used for insertional mutagenesis.
While protein-encoding genes accounted for over 90 % of the candidate genes identified, the gene-trap insertional mutagenesis vector also inserts into non-protein-encoding genes. These include small nucleolar RNAs (snoRNAs), which are involved in maturation processes of ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), transfer RNAs (tRNAs), and messenger RNAs (mRNAs) [11] . Results presented herein suggest the involvement of two novel classes of snoRNAs in viral replication: SNORAs containing conserved H/ACA boxes that participate in nucleotide pseudouridylation, and SNORDs containing C/D boxes that participate in 2 0 -O-methylation ( Fig. 1 ) [11] . SNORAs and SNORDs function by assembling into respective small nucleolar ribonucleoprotein complexes (snRNPs), and serve as guide RNAs to direct complimentary target RNA nucleotide modification and aid translation (reviewed in [12] ). SNORA/Ds also regulate other cellular processes including alternative splicing, mRNA editing [13] , and miRNA-like silencing [14] . Interestingly, a recent study utilizing a promoter trap to randomly inactivate cellular alleles revealed that SNORDs 32a, 33, and 35a contribute to stress-induced apoptosis [15] . Potential roles for this novel RNA class in viral replication are considered.
Materials and Methods

Cell Lines and Viruses
Cell lines used for gene-trap studies were obtained from the NIH AIDS Research Negative controls were used to normalize qRT-PCR results to 100 %. siRNAs targeting viral genes were used as positive controls, as follows: D5R and D7R (CPV), PrM (DFV2), PA (FLU), 2C and VP4 (HRV16), UL29 (HSV2), and the P gene (RSV). Duplicate wells were seeded for uninfected and infected controls, lacking transfection reagents. Hep3B, HepG2, and Vero E6 cells were transfected with 50 nM siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), whereas TZM-bl cells were transfected with siRNAs using HiPerfect (Qiagen, Inc.).
Cells were infected at 48 h post-transfection, using MOIs of 1 (cowpox and HSV2), 0.1 (FLU), 0.01 (HRV16 and RSV), or 0.001 (DFV2). Cells were infected for 2 h at either 37°C (CPV, DFV2, HSV2, FLU, or RSV) or 33°C (HRV16). Following the 2-h incubation period, cells were washed with PBS and fresh medium was added. At 3 days post-inoculation, culture supernatants were clarified by centrifugation and 200 lL was lysed in preparation for RNA extraction, using an epMotion 5075 Workstation (Eppendorf) and the PureLink 96 Total RNA Purification Kit (Invitrogen). Total RNA was reverse transcribed using random hexamers (Applied Biosystems, Foster City, CA, USA), and qRT-PCR was performed using an Eppendorf Mastercycler RealPlex 2 system, with TaqMan assays developed that detect viral DNAs. To generate standards curves, amplicons produced during real time PCR detection of each viral cDNA were cloned into the pCRII vector (Invitrogen). qRT-PCR was performed using freshly prepared standards, serially diluted over eight logs of copy numbers.
Results and Discussion
We observed that 83 candidate SNORA and SNORD genes were potentially disrupted in clonal cell lines surviving viral infection (Table 1) . Most candidate SNORA/D genes (79/83) occur as intronic sequences encoded within 29 host genes, although 4 SNORA/Ds: SNORA76, SNORD3B-2, SNORD93, and SNORD104, are monocistronic. As indicated in Table 1 , over half of the host genes encoding SNORA/Ds were disrupted at multiple independent integration sites with the insertional mutagen vector U3neoSV1, and/or were identified in cell lines surviving selection with multiple (2-6) independent viruses. Several SNORA/Ds implicated in our gene-trap studies reside within genes that have been previously been shown to be important for viral infection. For example, BAT1 [17] , EIF3A [18] , HSPA8 [19] , RPS11 [19] , and RPS8 [19] influence influenza A infection, and HIV infection may depend on RPL10A [20] . These data indirectly suggested that SNORA/Ds might serve as a previously unknown class of cellular RNAs important for viral replication.
To test this hypothesis, we knocked down expression of a variety of SNORA/Ds with siRNA and examined the resulting cells for susceptibility to six different viruses ( Table 2) . Expression of nine SNORA/Ds encoded within RCC1 (which also encodes the shorter non-coding SNHG3 gene), or SNHG1 were silenced with siRNAs for 2 days prior to infection with either cowpox virus (CPV), Dengue Fever virus (DFV), influenza A (FLU), human rhinovirus 16 (HRV16), herpes simplex virus 2 (HSV2), or respiratory syncytial virus (RSV). Following a 2-h inoculation, cells were washed to remove inocula, and viral production in culture supernatants was measured by quantitative real time PCR using TaqMan assays annealing to viral genomic sequences. SNORA/Ds tested in siRNA screens were found to limit the capacity of viruses to replicate, with, eight out of nine siRNA-treated cells failing to support replication of three of more viruses (Table 2) . While a previous study showed that RCC1 supports HSV1 replication [21] , we did not observe that silencing RCC1 or the non-coding Small Nucleolar RNA Host Gene 3 (SNHG3) inhibits HSV2 (data not shown), whereas inhibiting expression of the RCC1-encoded SNORA73A did. RCC1 may be alternatively spliced to include some transcripts to contain SNHG3, and these data may be consistent with SNHG3 serving minimal function in viral infection. As has been observed with SNHG2 (GAS5) [22] , SNHG1 is a non-coding gene whose intronic SNORDs are stable and well-conserved between human and mouse, unlike their encoded exons [23] . Thus, silencing of SNORDs encoded within SNHG1 may be expected to account for the observed viral inhibition, rather than the associated transcript.
In gene-trap experiments with multiple viruses, RCC1-SNHG3, SNHG2, and TAF1D were the most frequently interrupted genes harboring SNORA/Ds. Gene-trap insertion sites within the RCC1-SNHG3 and SNHG2 loci are shown in Fig. 2 . It should be noted that in non-biased selection of clones of murine embryonal stem cells infected with the same insertional vector (data not shown), RCC1-SNHG3 was not found to be a hot spot for insertional events. Therefore, it is unlikely that hot spots for vector insertion is the sole process that lead to 54 independently derived mutant RCC1-SNHG3 clones selected in cells surviving infection with five different viruses ( Fig. 2 ; Table 1 ). While siRNA confirmation suggest a role for SNORA73A, it may also be considered that the RCC1 gene shares exons with SNHG3, and disrupting SNHG3, perhaps in concert with disrupting SNORA73A, may transmit the resistance phenotype. Interestingly, the prominently represented genes SNHG1, SNHG2, and RCC1-SNHG3 are members of the 5 0 -terminal oligopyrimidine gene (5 0 TOP) family [22] [23] [24] , which contain 4-15 oligopyrimidine tracts in their 5 0 ends [25] that regulate transcription and translation under conditions of growth arrest [22, 26] . SHNG2 has recently been found to also be associated with glucocorticoid receptor transcriptional regulation [27] , and inhibit cellular proliferation induced by the mammalian target of rapamycin (mTOR) [28] . Thus, there may be processes that work in concert with translational repression that affect viruses capacity for replication. Further work is needed to define whether a role in virus infection is unique for the SHNG genes selected in clones resistant to multiple viruses. Given that SNORDs are encoded within abundantly expressed genes, such as ribosomal genes (Table 1) , high expression may be critical for their normal biological roles and in viral infection.
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The discovery of these classes of non-coding genes prominently represented in the mutant clones selected in our virus surviving cell lines suggests an importance of SNORAs and SNORDs in facilitating viral replication. However, this study is not exhaustive in terms of the role each particular SNORA/D may have in viral infection. It is possible that the siRNAs used in our experiments inhibit not only the non-protein encoded RNAs but also the gene in which they reside. Selective in situ mutations in the encoding sequences will need to be performed in order to confirm each as the gene conferring the phenotype. It is anticipated that in future studies, the precise role that SNORAs and SNORDs play will be identified to provide a deeper understanding of the complex interplay at work during the viral-host standoff. Fig. 2 a Gene disruptions within the RCC1, SNHG3, SNORA73A, and SNORA73B loci observed in clonal cell lines resisting lytic viral infection. The SNHG3 gene is a non-coding transcript that shares exons with the protein-coding RCC1 gene (highlighted in green). Introns are designated with black text, whereas SNHG3 exonic sequences not shared with RCC1 are shown in red. SNORA73A and SNORA73B are shown as the first and second intronic sequences highlighted in yellow, respectively. Gene-trap insertions were observed within introns, as well each of the above mentioned genes. Insertion sites are shown with single letters highlighted in blue (human cell lines resisting DFV2, FLU, HRV2, or HRV16 infection) or red (Vero E6 monkey cells resisting HSV2 infection). b SNHG2 and intervening SNORD sequences. Gene-trap insertion sites conferring resistance to pathogens are highlighted in blue text. In some cases, identical clones were recovered from viral selection in independent studies with more than one virus (viruses shown in Table 1 
